Introduction
Pyrimidine degradation is used by cells to control the intracellular pool of nucleotides in concert with biosynthetic (de novo or salvage) and other catabolic pathways and to obtain nitrogen in the absence or scarcity of other available sources. Four different pyrimidine degradation pathways can be used (Loh et al., 2006; Osterman, 2006; Andersen et al., 2008; Andersson Rasmussen et al., 2014) . The reductive pathway, starting with reduction of uracil to dihydrouracil by a dihydropyrimidine dehydrogenase, is common in most eukaryotes and also in many prokaryotes. The other three pathways are used by discrete groups of bacteria (oxidative pathway and Rut pathway) or bacteria and fungi (URC pathway).
Escherichia coli and other proteobacteria use the Rut (pyrimidine utilization) pathway, encoded in the rut operon (Loh et al., 2006; Osterman, 2006; Kim et al., 2010; Parales and Ingraham, 2010) . Transcription of this operon is controlled by the RutR regulator (Shimada et al., 2007 (Shimada et al., , 2008 Nguyen Le Minh et al., 2015) and, as a superimposed control, by the nitrogen regulatory protein C (NtrC) (Zimmer et al., 2000) . The Rut pathway starts with oxidative cleavage of the uracil ring by a pyrimidine oxygenase, leads to release of the two pyrimidine nitrogens as ammonium and produces a number of toxic intermediates (peracids, ureidoacrylate, aminoacrylate, malonic semialdehyde) which are converted to 3-hydroxypropionic acid that is excreted. Overall, the pathway uses three enzymes for the release of the nitrogens (RutA/RutF, RutB) and three others for the detoxification part (RutC, RutD, RutE) (Kim et al., 2010; Parales and Ingraham, 2010) . In addition, the rut operon contains a transporter gene (rutG) which is not always present. The rutG gene product (RutG) is predicted to be a pyrimidine transporter and is homologous with the uracil permease UraA (Andersen et al., 1995; Lu et al., 2011) but its function has not been determined experimentally to date.
RutG and UraA belong to the Nucleobase-Ascorbate Transporter (NAT) or Nucleobase-Cation Symporter-2 (NCS2) family (TC 2.A.40) and, in particular, to a cluster of putative pyrimidine-transporting bacterial homologs (referred to in this paper as UraA cluster). NAT/NCS2 transporters are present in all domains of life and include ion-gradient driven transporters of key metabolites or anti-metabolite analogs with diverse substrate preferences, ranging from purine or pyrimidine permeases in various organisms to Na 1 -dependent vitamin C transporters in human and other mammals (Gournas et al., 2008; Yamamoto et al., 2010; Frillingos, 2012; B€ urzle et al., 2013; Girke et al., 2014) . Research on this family has commanded attention recently with the elucidation of high-resolution structures for two homologs, the uracil permease UraA of E. coli (Lu et al., 2011) and the xanthine/uric acid permease UapA of Aspergillus nidulans (Alguel et al., 2016) , coupled with functional insight from extensive mutagenesis studies on UapA (Diallinas, 2016) and the xanthine permease XanQ of E. coli (Frillingos, 2012; Karena et al., 2015) .
NAT/NCS2 transporters are composed of 14 transmembrane segments (TMs) divided in two inverted repeats (7 1 7) and arranged spatially into a core domain (TMs 1-4 and 8-11) and a gate domain . The core domain contains all major determinants of the substrate-binding site (Lu et al., 2011; Alguel et al., 2016) . The gate domain may contribute to alternating access by allowing conformational rearrangements and providing major gating elements. The same architecture is shared by another two families of transporters in the APC (amino acid-polyamine-organocation) superfamily (Geertsma et al., 2015; Arakawa et al., 2015; ThurtleSchmidt and Stroud, 2016) . Although the original structure of UraA revealed a monomer in the crystal packing (Lu et al., 2011) , the structures of UapA and two related anion exchangers of the SLC4 family (AE1, Bor1) had a homodimeric organization (Arakawa et al., 2015; Alguel et al., 2016; Thurtle-Schmidt and Stroud, 2016) . It was suggested that these transporters function with an elevator mechanism, in which the gate domain is relatively immobile and acts as a scaffold for dimerization, while the substrate-carrier core domain slides along the gate domain with an elevator-like translational motion. Recently, Yu et al. (2017) presented a homodimeric structure of UraA, in an occluded conformation and compared it with the previously described structures of UraA and UapA which were in an inward-open conformation. Their analysis provided evidence that alternating access is achieved by a combination of elevator-like shifts and rotations of the core domains and rocking-bundle bending of the gate domains (Yu et al., 2017) .
Few permeases of the NAT/NCS2 family have been analyzed rigorously for their substrate specificity profiles and their key specificity determinants. The available evidence comes mostly from the extensive mutagenesis work on UapA and XanQ, and few targeted studies on other purine-transporting homologs in A. nidulans and E. coli (Gournas et al., 2008; Frillingos, 2012; Papakostas and Frillingos, 2012; Papakostas et al., 2013; Krypotou et al., 2014; Karena et al., 2015; Diallinas, 2016) . These studies emphasize that the roles of some key binding-site residues are conserved despite a significant variation in specificities. In addition, important residues affecting the specificity are found at the binding site periphery and at distal sites which may contribute to specificity by controlling the access of different substrates to the binding site (Karena et al., 2015; Diallinas, 2016) . Interestingly, such insight is not available on UraA or any of the putative pyrimidine-transporting homologs in the UraA cluster.
In this work, we analyze the functional profile and the phylogeny of RutG in comparison to UraA and two other uracil-transporting homologs in the UraA cluster. Our results provide evidence that RutG is a broad-specificity pyrimidine permease whose ability to recognize thymine in addition to uracil is due to absence of a crucial phenyl group at the binding-site region.
Results

Phylogeny of the UraA cluster
The NAT/NCS2 family is split phylogenetically in two groups. The one, COG2252 or AzgA-like, is more homogeneous in sequences and contains bacterial, fungal and plantal permeases for salvageable purines (adenine/ guanine/hypoxanthine). The other group, COG2233 or NAT, is larger and contains bacterial and fungal permeases for oxidized purines (xanthine/uric acid), bacterial permeases for pyrimidines (uracil), plantal and metazoan broad-specificity uracil/purine permeases and the mammalian L-ascorbate transporters SVCT1 and SVCT2. The UraA cluster belongs to COG2233 and is further divided in two subclusters, the one containing E. coli UraA and the other containing E. coli RutG ( Fig. 1 and Figs S1 and S2 in Supporting Information).
A phylogenetic analysis considering all genomes of Proteobacteria shows that the UraA subcluster is split in two major sets of homologs, the one (termed U1) including the UraA orthologs from Enterobacteriales and few other homologs, and the other (termed U2) including homologs from non-enterobacterial gamma-, beta-, delta-and epsilon-proteobacteria. The RutG subcluster Functional profile of E. coli permease RutG 205 (termed R1) includes the RutG orthologs from Enterobacteriales and homologs from other gamma-(Moraxellaceae), beta-(Burkholderiales) and alpha-proteobacteria (Rhizobiales) (Fig. 1) . Most genomes of Enterobacteriales contain both RutG and UraA and their RutG orthologs are associated with the rut operon. All other relevant genomes contain only one of the two homologs, from either the U1/U2 or the R1 subcluster or, in few genomes of Moraxellaceae and Pasteurellaceae, 2 or 3 homologs from R1 or U2, indicating recent duplication events (Supporting Information Fig. S2 ). Homologs of RutG in nonenterobacterial species are not associated with the rut operon, except in 7 genomes of Moraxellaceae (Supporting Information Table S1 ). RutG is absent even in several enterobacterial genomes which lack the rut operon, like in Salmonella or Citrobacter and is more divergent between different enterobacterial genera relative to UraA (Supporting Information Fig. S2 ). Despite this divergence, all enterobacterial RutG sequences retain certain characteristic motifs and amino acid side chains (Supporting Information Table S2) .
A detailed analysis in the strains of Escherichia and Shigella illustrates that UraA is ubiquitous and shows little or no divergence in sequence from strain to strain, whereas RutG is strikingly divergent and rutG appears as a pseudogene or is absent overall in several strains (Supporting Information Table S3 ). Of 95 strains analyzed, rutG is absent in Shigella boydii, Escherichia albertii and Escherichia fergusonii and is a pseudogene (due to a frameshift resulting in premature stop codon) in six pathogenic strains of E. coli (including the typical uropathogenic UT819). In addition, in E. coli O145:H28, RutG appears A. Phylogenetic analysis of known homologs of the NAT/NCS2 family; YbbW, Mhp1 and FurD (from transporter family NCS1) were used as outgroup. The detailed tree is given in Supporting Information Fig. S1 . B. Phylogenetic analysis of a representative set of 133 homologs from Proteobacteria belonging to the UraA cluster. The E. coli homologs XanQ, XanP and UacT were used as outgroup. Branches with a bootstrap value below 0.7 and the outgroup branches were deleted in this presentation. The detailed tree is given in Supporting Information Fig. S2 . C. Key amino acid residues in the binding site of the four homologs analyzed in this study. The sequences were threaded on the template of UraA 5XLS using the SWISS-MODEL server and the modeled structures were visualized with PyMOL. Also shown is the sequence context of these residues; amino acid residues subjected to mutagenesis in the current study are underlined. D. Different colors in B refer to different classes of Proteobacteria, as indicated.
with nine missense codons relative to the E. coli K-12 ortholog, including at least one difference which is expected to abolish the permease activity (H266R, see Fig. 5, below) . Overall, the observations imply a rapid evolution and frequent pseudogenization of the rutG gene. Absence of a functional rutG in a genome may indicate dependence of the Rut pathway on an alternative pyrimidine uptake system (see Discussion, last paragraph) or an exclusive role of the corresponding rut operon in controlling the internal pyrimidine pool and generating toxic intermediates to help slow the cell growth at adverse conditions (Kim et al., 2010; Parales and Ingraham, 2010) .
Functional profiles of RutG and UraA from E. coli K-12
UraA has been characterized as a uracil permease (Andersen et al., 1995; Lu et al., 2011) but its functional profile has not been analyzed in detail. RutG, the product of the rutG gene of the rut operon, has not been studied for function experimentally. We now study the functional profiles of these two gene products, after mobilization of the genes from the genome of E. coli K-12 and amplified expression in appropriate strains of E. coli K-12 through plasmid vector pT7-5, resulting in high protein levels of both gene products in the E. coli membrane (Supporting Information Fig. S3 ). Based on the endogenous levels of uptake measured by us in preliminary assays and published previously, we use E. coli T184 for xanthine and uric acid uptake assays (Papakostas and Frillingos, 2012) , JW3692 (adeP-knockout) for adenine and hypoxanthine uptake assays (Papakostas et al., 2013) , JW4025 (ghxP-knockout) for guanine uptake assays (Papakostas et al., 2013) , JW2482 (uraA-knockout) for uracil, thymine and cytosine uptake assays. The results show that UraA can transport only uracil, whereas RutG transports uracil, thymine and xanthine ( Fig. 2A-C) . The uracil uptake activities of both transporters are abolished by the protonophore carbonyl cyanide mchlorophenyl hydrazone (CCCP) (Supporting Information (Karena et al., 2015) and 7 lM (Alguel et al., 2016) respectively. Neither UraA nor RutG can transport cytosine, adenine, guanine, hypoxanthine, or uric acid to any significant extent whatsoever (data not shown). Using a range of pyrimidines, purines and analogs, we show that the [ 3 H]-uracil uptake activity of UraA is inhibited strongly by 5-fluorouracil (5-FU) but not thymine and the activity of RutG is inhibited strongly by both 5-FU and thymine and, to a lesser extent, by xanthine and oxypurinol ( Fig. 2D-E ). Kinetic analysis of the inhibition effects shows that RutG recognizes 5-FU with threefold higher affinity than UraA (K i 0.7 lM) and also recognizes with high affinity thymine (K i 1.6 lM), xanthine (K i 56 lM) and oxypurinol (K i 34 lM) ( (Table 1) as their K i values for inhibition of uracil uptake (Table 2 ). In the cases of 5-FU and oxypurinol, we cannot distinguish between the possibilities that these inhibitors occupy the binding site without being taken up or they are transported and compete with [ 3 H]-uracil for transport. Marginal effects are seen with cytosine, which inhibits both RutG and UraA with low affinity (K i 0.51 6 0.09 mM and 0.34 6 0.02 mM respectively). No other nucleobase or analog showed any significant inhibition effect on the uracil uptake activity of either RutG or UraA ( Fig. 2 and Supporting Information Table S4 ).
Homology modeling of RutG and induced-fit docking analysis
What differences at the molecular level might account for the differences in substrate preferences between UraA and RutG? To address this question, we initially searched for differences in amino-acid side chains at the conserved motifs of the core domain which include the key binding-site residues (Supporting Information  Table S2 ). In parallel, we constructed a structural model of RutG based on the recent X-ray structure of UraA (Yu et al., 2017) . The two proteins share a rather moderate sequence identity (35%), which is however adequate for sustaining a theoretical model of RutG (Supporting Information Fig. S4 ). The model comprises 14 mostly helical TMs that also retain the characteristic two beta strands (b3 and b10) at the core of the protein.
As with UraA, the 14 TMs of RutG are arranged in two domains. TMs 1-4 and 8-11 form the core domain, which contains the binding-site residues, whereas TMs 5-7 and 12-14 form the gate domain. TMs are connected together by hydrophilic loops, most of which result from lengthy insertions that render the prediction of accurate 3D coordinates difficult for those regions. On the other hand, prediction of the binding site in a structure part of the protein should be more accurate.
RutG is very similar with UraA in the predicted structure of the uracil binding site and retains the same side chains at the binding residues Glu241 (Glu262 in RutG) and Glu290 (Glu309 in RutG) and most other residues of the binding cavity, except that Ala88 replaces Phe73 and Ala308 replaces Gly289. Relative to Phe73, the shorter and less voluminous Ala88 side chain creates an empty space (Fig. 3 ) in the binding cavity region, as exemplified by the distances between the Ala88-CB and Ala46-CB (6.36 Å ) in RutG and between Phe73-CZ and Ala31-CB (3.39 Å ) in UraA. This difference should be crucial and would facilitate the translocation of bigger substrates in RutG. It is also of interest that two water molecules defined in the UraA crystal structure (Yu Induced-fit docking of the major substrates of RutG in the binding sites of RutG and UraA shows also that the described differences may be essential for substrate recognition (Fig. 4) . In UraA, uracil forms H-bonds with the backbones of Phe73 and Gly289 and with the side chains of Glu290 and Glu241. In addition, Tyr288 promotes p-stacking interaction with uracil. The representative docking pose of uracil in RutG is almost identical with the one in UraA. Uracil forms H-bonds with the equivalent residues of RutG, namely with the backbones of Ala88 and Ala308 and the side chains of Glu309 and Glu262. Tyr307 is also in a p-stacking interaction position. In contrast, homolog-specific differences are obvious in the interactions with thymine (5-methyl-uracil) (Fig. 4) . In UraA, thymine is H-bonded to the side chains of Glu290 and Glu241 and to the backbones of Gly289 and Phe73. It forms also p-stacking interactions with Tyr288. Remarkably, the phenyl ring of Phe73 appears to be more flexible in the presence of thymine since in several low energy structures the side chain is flipped outside of the active site in the presence of thymine, whereas in the presence of the smaller uracil is tightly packed on top of the substrate. In RutG, such constraints are absent. However, thymine is stabilized via similar interactions, which are H-bonds with the side chains of Glu309 and Glu262 and the backbones of Ala308 and Ala88 and a pstacking interaction with Tyr307.
On the other hand, xanthine seems to be able to interact with both homologs in quite similar manner (Supporting Information Fig. S5 ). Xanthine forms H-bonds with the backbones of Phe73 and Gly289 in UraA and the corresponding Ala88 and Ala308 in RutG. It forms also H-bonds with the side chains of Glu290 and Glu309 in UraA and with Glu241 and Glu262 in RutG. Tyr288/307 forms p-stacking interactions with xanthine, in both structures. It seems also, based on the UraA crystal structure (Yu et al., 2017) , that another H-bond can be formed between O6 and the hydroxyl group of Ser72 through the structural water molecule located between Ser72 and Glu241. In this orientation the pyrimidine moiety of xanthine superimposes with uracil but in a 1808 reversed orientation. When compared with the UapA crystal structure (Alguel et al., 2016) , xanthine is positioned in an almost 908 rotated orientation. This apparently is driven in UraA by the formation of a bidentate H-bond between O6 and the crystallographic water molecule mentioned above and between N9H and the Glu241 carboxylic group, while in UapA the driving interaction is the formation of a bidentate H-bond between N1H and C2@O of xanthine and the Gln408 side chain amide from the other side of the binding cavity.
Site-directed mutagenesis of RutG and UraA
Based on the results of the theoretical structural comparisons, we selected Ala88/Phe73 and Ala308/Gly289 as mutagenesis targets in RutG/UraA and constructed and analyzed functionally the mutants A88F, A308G and A88F/A308G in RutG and F73A, G289A and F73A/ G289A in UraA. In parallel, we subjected to site-directed mutagenesis two conserved amino acids of the binding site, Ser87/Ser72 and His266/His245 (RutG/UraA), which are invariant in the RutG or UraA orthologs (Supporting Information Table S2 ) but had been found to be implicated with specificity in XanQ and related purinetransporting homologs (Frillingos, 2012) . To cover a range of different side chains, Ser87/Ser72 was replaced with Ala, Thr or Val and His266/His245 was replaced with Ala, Arg, Asp or Val. The engineered mutants were expressed through pT7-5 and analyzed for uracil and thymine uptake in E. coli JW2482. The results show that all UraA or RutG mutants are expressed at high levels in the E. coli membrane (Supporting Information Fig. S3 ) but are impaired in uptake activity to various extents ( Fig. 5 and Table 1 ).
As shown in Fig. 5A and B, all mutants replacing His245 in UraA or His266 in RutG are inactive, showing no detectable uracil or thymine uptake activity. The same is true of the mutants replacing Ser87 in RutG or Ser72 in UraA with Val, whereas replacement of this Ser with Ala or Thr retains significant transport activity with uracil and, in the case of the RutG mutants, with thymine as well ( Fig. 5A and B) . Kinetic analysis shows that RutG S87A and S87T transport both uracil and thymine with high affinities (low K M ) but low V max (Table 1) .
The RutG mutants A88F and A308G display highly significant transport rates with uracil and thymine ( Fig. 5A and B) and high affinity (low K M , in the range of the corresponding wild-type values) and efficiency (V max /K M ) for both uracil and thymine (Table 1 ). The double mutant A88F/A308G is highly active in uracil uptake (40% of the wild-type rate) but marginally active in thymine uptake (5% of the wild-type rate) at 0.1 lM, and shows accordingly different K M and V max /K M values with the two substrates. The K M values measured for A308G are the same as the ones of wild type, whereas A88F and A88F/A308G display threefold lower K M with uracil and twofold higher K M with thymine. Of the corresponding UraA mutants, F73A and G289A display high and low uracil uptake rate respectively, whereas the double mutant F73A/G289A is essentially inactive (Fig. 5A and B) H]-thymine uptake activity. This activity of F73A amounts to 1.5% of the thymine uptake rate achieved with RutG at 0.1 lM, and corresponds to a highly significant V max and a K M that is 40-fold higher than the one of RutG (13.5 lM) (Table 1 and Fig. 5C ).
To elucidate any differences in specificity between wild-type UraA or RutG and their mutants, we performed inhibition analysis of the [ 3 H]-uracil uptake activities using a range of pyrimidines and purines as potential competitors (Table 2 and Supporting Information Table  S4 ). The results show that all RutG mutants recognize 5-FU, thymine, xanthine and oxypurinol with high affinities, comparable to or higher (lower K i ) than the ones of wild type, and do not recognize the non-wild-type substrates tested. It is noteworthy that A88F displays lower affinity than wild type for thymine (K i 1.9 lM), whereas A308G and, especially, A88F/A308G, which transports thymine marginally, recognize this substrate with high affinity (K i 0.9 lM) and also recognize with higher affinities 5-FU, xanthine and oxypurinol. Of the UraA mutants, S72A and S72T do not differ markedly from wild type, G289A shows lower affinity for 5-FU and F73A displays the novel property of recognizing thymine (K i 10.3 lM) without losing the affinity for 5-FU (K i 2.0 lM) or uracil (K M 1.0 lM, Table 1 ). The affinity of UraA F73A for thymine is only 6.5-fold lower (6.5-fold higher K i ) than the one of RutG (Table 2 and Fig. 5D ).
The UraA-homologs from Acinetobacter calcoaceticus and Aeromonas veronii From the above data, it becomes clear that Phe73 in the binding site of UraA is crucial for its specificity for uracil and exclusion of thymine as a substrate. Replacement of this Phe with Ala allows high-affinity recognition and transport of thymine. Is this effect a general trend among UraA homologs in the UraA cluster? To answer this question, we analyzed two additional homologs, the one from Acinetobacter calcoaceticus and the other from Aeromonas veronii, which share modest sequence homology (35-37% sequence identity) with UraA but retain the conserved Phe residue at the binding site (Supporting Information Table S2 and Fig. S6 ). The homologs from A. calcoaceticus (AcS572) and A. veronii (AvDDG3) were mobilized from their genomes and expressed through pT7-5 in E. coli K-12, resulting in high protein levels in the E. coli membrane (Supporting Information Fig. S3 ). Both homologs can transport uracil but not thymine or xanthine or any other nucleobase ( Fig. 6A and B and data not shown), and their uracil transport activity is abolished in the presence of 5-FU but not inhibited significantly by thymine, cytosine, xanthine, oxypurinol or other purines tested ( Fig. 6C and  D) . Both transporters are inactivated in the presence of CCCP (Supporting Information Table S4 ). AvDDG3 and AcS572 transport [ 3 H]-uracil with high affinities (K M 0.32 lM and 0.85 lM respectively) ( Table 1 ) and recognize 5-FU in competitive inhibition assays with high affinities, approximating the ones of UraA (Table 2 ). AvDDG3 and AcS572 are very similar to UraA and RutG in the predicted binding-site region (Fig. 1C) . Of residues that interact directly with uracil and/or thymine (Fig. 4) , the two transporters differ from RutG in one (Phe63 in AvDDG3) or two residues (Phe87 and Gly308 in AcS572). Relative to UraA, AvDDG3 differs in one of these residues (Ala281/Gly289) and AcS572 is invariant. To examine the functional significance of these differences, we constructed and analyzed mutants F63A in AvDDG3 and F87A, G308A and F87A/G308A in AcS572. The engineered mutants were expressed via pT7-5 and assayed for uracil and thymine uptake activity in E. coli JW2482. All mutants attain near wild-type levels in the E. coli membrane (Supporting Information Fig.  S3 ) and are highly active in uracil transport ( Fig. 6A and  B) . F63A transports uracil with essentially the same K M as wild-type AvDDG3 and twofold lower V max . G308A displays similar kinetic properties with wild-type AcS572, whereas F87A and F87A/G308A have slightly higher K M and 3.5-fold lower V max (Table 1) . None of the mutants displays any significant thymine uptake activity. However, F63A of AvDDG3, as well as F87A and F87A/ G308A of AcS572 recognize thymine with highly significant affinities in competitive inhibition assays (Fig. 6 and Table 2 ). These mutants recognize also 5-FU with higher affinities than the corresponding wild-type controls. In addition, the activities of AcS572 F87A and F87A/G308A are inhibited by 60-65% by oxypurinol Table 2 and Supporting Information Table S4 ).
Discussion
UraA is well known as a uracil permease (Andersen et al., 1995; Lu et al., 2011; Yu et al., 2017) , but there was no previous evidence on its specificity profile. The only relevant information was from the earliest studies (Andersen et al., 1995) showing that disruption of the uraA gene allows resistance to 5-FU but does not affect cytosine transport. We now show that UraA is specific for uracil and 5-FU. No other nucleobase can be used as a substrate. The K M measured for uracil is 0.21 lM, in the same range as the one reported by Lu et al. (0.49 lM) (Lu et al., 2011) . The affinity for 5-FU is also high, as evidenced by the competitive inhibition assays, but appears to be lower relative to uracil. In contrast, thymine is not recognized at all. Based on the docking analysis, the C5-methyl group may cause steric hindrance with the side chain of Phe73, requiring energy to displace the phenyl ring (Fig. 4D ) thus excluding thymine from the binding site of UraA. Such a specificity role of Phe73 is supported in the current study by several lines of evidence. Apart from the docking results, a strong support is offered by the properties of F73A, which retains high affinity for uracil and 5-FU but also allows high-affinity recognition and even transport of thymine. Interestingly, the same UraA mutant had been reported in a previous study (Lu et al., 2011) , showing that F73A retains the bulk of the uracil uptake activity of UraA (a result reproduced here, in Fig.  5B ), but its properties with respect to other potential substrates had not been tested. In support of the findings with F73A, the permeases from A. calcoaceticus and A. veronii, which share almost identical binding-site residues with UraA, are also specific for uracil and 5-FU and their mutants replacing the corresponding Phe with Ala result in recognition of thymine, broadening the substrate profile. In further support, RutG, having Ala instead of Phe at this position, is a broader-specificity permease which can use thymine in addition to uracil as a high-affinity substrate.
Intriguingly, Phe73 is strongly conserved in the UraA cluster of homologs and in NAT/NCS2 family in general. Phe73 forms an H-bond with uracil through its backbone amide group and also confers to uracil coordination through van der Waals interactions (Lu et al., 2011; Yu et al., 2017) and its counterpart (Phe155) in UapA assumes very similar interactions with xanthine (Alguel et al., 2016) . Phe73/155 is important also to block access to substrate from the outside environment in the inward-open (Lu et al., 2011; Alguel et al., 2016) and the occluded conformations (Yu et al., 2017) . However, Phe73/155 is replaceable in both UraA and the purinespecific UapA and XanQ by other residues. Replacement with Ala in UapA (Amillis et al., 2011) , UraA (Lu et al., 2011) and two UraA homologs (this study) retains 50-60% of the transport activity for the canonical substrate. In UraA, this decrease in activity reflects reduced kinetic affinity (Table 1) . In UraA and its homologs, the same mutants allow recognition of thymine (Table 2 ). In XanQ, replacement of the corresponding Phe94 with Cys results in marginal activity but replacement with Ile or Tyr yields highly active mutants which display reduced affinity for xanthine and impaired affinity for 3-methylxanthine (F94I) or 2-thioxanthine and 6-thioxanthine (F94Y) (Karena and Frillingos, 2011) . Of the homologs from higher eukaryotes, in the Arabidopsis thaliana AtNAT12, a high-affinity transporter for adenine, guanine and uracil, replacement of the corresponding Phe248 with Ala was found to retain 20-35% of activity with all substrates . Overall, the phenyl group at Phe73/155 plays a critical but not irreplaceable role in substrate coordination which seems to be retained throughout the family, except in RutG and all enterobacterial RutG orthologs, which have Ala at this position ( Fig. 1 and Supporting Information Table  S1 ). The presence of Ala does not disrupt the Hbonding interaction with uracil but additionally allows coordination of thymine (Fig. 4) or even xanthine in the binding site.
Of the other binding-site residues analyzed with mutagenesis in RutG and UraA, we find that His266/245 is strictly irreplaceable for function and Ser87/72 is irreplaceable with a hydrophobic Val in both permeases (Fig. 5) . The results with His266/245 extend the previous finding that UraA mutant H245A is inactive and unable to bind uracil (Lu et al., 2011) , by showing that His is irreplaceable also with polar amino acids (Asp or Arg) and that the irreplaceable role of His245 is conserved identically in RutG. Based on the recent highresolution structure of UraA (Yu et al., 2017) , both His245 and Ser72 are involved in an H-bond network involving also the bound uracil and the uracil-binding residue Glu241 and stabilized by two water molecules which bridge Ser72 with Glu241 and Gln241 with His245. This H-bond network is dynamic and may provide the molecular basis for coupling the substrate transfer with proton translocation mediated by the functionally essential Glu241 and His245, as suggested by MD analysis (Yu et al., 2017) . His266/245 may have a similar essential role in RutG. A topologically similar Hbond network, involving Asn93, Glu272 and Asp276 (corresponding to Ser87/72, Glu241 and His266/245 respectively), has been proposed in the xanthine permease XanQ (Karena and Frillingos, 2011) . In XanQ, however, Asn93 and Asp276 have been linked with the specificity for xanthine, since replacement of Asn93 with Ser or Ala (Karena and Frillingos, 2009) or Asp276 with Glu (Mermelekas et al., 2010) leads to high affinity for the non-wild-type substrates 8-methylxanthine and/or uric acid.
Regarding the function of RutG, the studies on the rut operon had already indicated that RutG might be a uracil/thymine transporter, because the Rut pathway can degrade both uracil and thymine (Loh et al., 2006) and an E. coli strain over-expressing the rut operon but carrying a rutG deletion grows slowly on uracil or thymine (Kim et al., 2010) . However, the residual growth of this strain and the fact that, with few exceptions (Supporting Information Table S1 ), rutG is absent from the rut operon outside Enterobacteriales (Kim et al., 2010) imply that the Rut pathway can also utilize the internal pyrimidine pool or rely on other transporter(s) for the import of pyrimidine bases (Kim et al., 2010; Parales and Ingraham, 2010) . Here, we analyzed RutG after amplified expression of plasmid-borne rutG at conditions of aerobic growth at 378C (Fig. 1) and established that RutG is a high-affinity permease for both uracil/5-FU and thymine. The usage of one additional pyrimidine substrate relative to UraA can be attributed to the presence of Ala88 instead of Phe73, which releases a constraint for the accommodation of thymine in the binding site (Fig. 4) . Restoration of the phenyl group in mutants A88F or A88F/A308G leads to compromised thymine uptake (Fig. 5) but is insufficient to restore a uracilspecific phenotype. However, UraA and two other uracilspecific homologs can be engineered to recognize thymine by replacing the corresponding Phe with Ala (Figs 5 and 6 ). The affinities attained with these mutants for thymine are high, but efficient transport of thymine cannot be achieved, implying that optimization of the transport properties needs optimization of interactions outside the binding site.
In addition to pyrimidines, RutG transports or recognizes with significant affinity the purine nucleobase xanthine and its isomeric analog oxypurinol (Table 2) . Although the theoretical interactions of xanthine in the binding sites of RutG and UraA are similar (Supporting Information Fig. S5) , the difference might be that the transfer of xanthine to the binding site of UraA is not favored energetically due to Phe73 which hampers the bigger purine substrate (Fig. 3) . The interactions predicted for the binding of xanthine to RutG are suboptimal relative to UapA (Alguel et al., 2016) (Supporting Information Fig. S5 ) or XanQ (Karena et al., 2015) which bind and transport xanthine with at least 10-fold higher affinity. Consistent with these predictions, the mutants replacing Phe73 in UraA or in the other uracilspecific homologs fail to show any significant affinity for xanthine or oxypurinol, but modest inhibitory effects are detectable for these mutants with oxypurinol (Figs 5E and 6D and E), xanthine or hypoxanthine (Fig. 6D) . Noticeably, the RutG mutant A88F/A308G displays enhanced affinity for xanthine. However, this is a promiscuous mutant with enhanced affinity for several substrates (Table 2 ) but low transport capacities (Table 1) and it may use different interactions for coordination of xanthine in the binding site.
The ability of RutG, encoded in a pyrimidine utilization (rut) operon, to transport a purine nucleobase is interesting. The rut operon is activated at nitrogen-limiting conditions by NtrC, which also activates transcription of a multitude of transporters for various nitrogencontaining compounds (Zimmer et al., 2000) . In addition, the rut operon is subject to transcriptional repression by RutR which is relieved by uracil (Nguyen Le Minh et al., 2015) . RutR is a global regulator which represses the degradation of pyrimidines (rut operon) and purines (gcl operon) and enhances the de novo synthesis of pyrimidines thus maintaining metabolic balance between pyrimidines and purines (Shimada et al., 2007 (Shimada et al., , 2008 Nguyen Le Minh et al., 2015) . The transporters encoded in the catabolic rut and gcl operons (RutG and YbbW respectively) may also confer to this metabolic balance. RutG, as shown here, can transport xanthine in addition to pyrimidines. YbbW has been annotated as a putative allantoin transporter (Cusa et al., 1999) but we have experimentally determined that it can transport uracil as well as several purines (M. Botou and S. Frillingos, unpubl. data) . Thus, the nucleobases imported by either one of the two transporters could be channeled to either one of the two catabolic pathways.
Experimental procedures
Materials and general considerations [5,6- ) were from Moravek Biochemicals (Brea, CA). Non-radioactive nucleobases were from Sigma-Aldrich (St. Louis, MO). Carbonyl cyanide m-chlorophenyl hydrazone (CCCP) was also from Sigma-Aldrich and prepared as 5 mM CCCP in dimethyl sulfoxide (DMSO). Cell cultures were performed in Luria-Bertani broth (LB) in aerobic conditions. For all incubations in liquid media, cells were grown with shaking at 220 r.p.m. at 378C. Oligodeoxynucleotides were synthesized from Eurofins Genomics GmbH. Highfidelity DNA polymerase was from Kapa Biosystems.
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Restriction endonucleases, alkaline phosphatase and T4 DNA ligase were from Takara Clontech. Horseradish peroxidase (HRP)-conjugated streptavidin was from Millipore. All other reagents were of analytical grade and obtained from commercial sources.
Proteobacterial strains, coding sequences and plasmids Escherichia coli K-12 UraA (UniProt no. P0AGM7) and RutG (UniProt no. P75892) were mobilized with PCR amplification from the genome of E. coli T184 (lacI ) (Teather et al., 1980) . The genomic DNA of Acinetobacter calcoaceticus RUH2202 was obtained from the Culture Collection, University of G€ oteborg (CCUG), Sweden and used as a template for amplification of gene AcS572. A. calcoaceticus AcS572 is UniProt no. D0S572 (NCBI Reference Sequence WP_003654314.1). Aeromonas veronii pamvotica was isolated as a novel strain from surface sediments of Lake Pamvotis (Ioannina, Greece) and its full genomic DNA sequence was determined (GenBank no. NZ_ MRUI01000001.1). Genomic DNA from this strain was used as template for amplification of gene AvDDG3. AvDDG3 is UniProt no. A0A1Q8F905 (NCBI Reference Sequence WP_058055724.1).
The coding sequences of the genes were transferred to a previously described version of plasmid vector pT7-5 which included the DNA sequence of the biotin-acceptor domain (BAD) of the oxaloacetate decarboxylase from Klebsiella pneumoniae as an insert between the ApaI and HindIII sites (34). This vector is designated pT7-5/-BAD. After insertion of the NAT/NCS2 coding sequences between the BamHI and ApaI sites of pT7-5/-BAD, at the appropriate orientation and frame, the resulting constructs contain the BAD sequence as a C-terminal tag of each NAT/NCS2. Following expression of these genes, the gene products are biotinylated in vivo during bacterial growth and allow monitoring of the protein levels in the E. coli membrane by western blotting (Karatza and Frillingos, 2005) .
The uraA-deficient E. coli strain JW2482 (F -, D(araDaraB)567, DlacZ4787(::rrnB-3), k -, DuraA745::kan, rph-1, D(rhaD-rhaB)568, hsdR514) (Keio knockout collection) used in this study for pyrimidine uptake assays was obtained from the E. coli Genetic Stock Center (CGSC) (Yale University) (Baba et al., 2006) . Two additional Keio collection strains, E. coli JW3692 (DadeP) and JW4025 (DghxP), were used in uptake assays for adenine or hypoxanthine and guanine respectively (Papakostas et al., 2013) . E. coli T184 was used to assay the uptake of xanthine, as well as of uric acid (Karatza and Frillingos, 2005; Papakostas and Frillingos, 2012) .
Escherichia coli TOP10F' (Invitrogen) was used for initial propagation of recombinant plasmids to prepare plasmid DNA for sequencing. E. coli T184 or an appropriate Keio collection strain was used for expression of the pT7-5/-BAD-borne genes from the lacZ promoter/operator by induction with isopropyl-b-D-1-thiogalactopyranoside (IPTG). All E. coli strains used were transformed according to Inoue et al. (1990) .
Molecular cloning
The coding sequences of NAT/NCS2 genes were amplified by PCR on the template of genomic DNA and transferred to pT7-5/-BAD by restriction fragment replacement between the BamHI and ApaI sites. The internal BamHI sites of rutG and AvDDG3 were disrupted by introducing synonymous mutations. All site-directed mutants were constructed using two-stage (overlap-extension) PCR (Heckman and Pease, 2007) . The sequences of synthetic oligodeoxynucleotides used for these constructions are given in Supporting Information Table S5 . The coding sequence of all constructs was verified by double-strand DNA sequencing (Eurofins Genomics GmbH).
Growth of bacteria
Escherichia coli Keio collection strains harboring given plasmids were grown aerobically at 378C in LB containing kanamycin (0.025 mg ml
21
) and ampicillin (0.1 mg ml
). E. coli T184 was grown at the same conditions except that streptomycin (0.01 mg ml
) was used instead of kanamycin. Fully grown cultures (1 ml) were diluted 10-fold, allowed to grow to mid-logarithmic phase to a cell density of OD 600 nm 2.0, induced with IPTG (0.5 mM) for an additional 105 min at 378C and harvested for use in transport assays or western blotting.
Transport assays and kinetic analysis
Escherichia coli JW2482 were washed twice in MK buffer (MES 5 mM, pH 6.5, containing KCl, 0.15 M), normalized to an OD 420 nm of 3.0 (corresponding to 10.5 lg of total protein per 50 ll) in the same buffer and assayed for active transport of radiolabeled substrates. Before initiating the transport reaction, cells were energized by addition of glycerol to a final concentration of 20 mM and equilibrated in the MK-glycerol buffer for 3 min, at 258C. Alternatively, E. coli JW3692 or JW4025 or T184 were prepared in KPi, 0.1 M, pH 7.5, as described (Papakostas et al., 2013) . All the transport reactions were performed at 258C. After termination of the reactions, samples were rapidly filtered through Whatman GF/C filters, washed twice immediately with 3 ml of ice-cold KL buffer (KPi, 0.1 M, pH 5.5, LiCl, 0.1 M) and taken for liquid scintillation counting. To determine K M and V max values of uracil or thymine uptake, E. coli JW2482 were assayed for active transport of [ ((log IC50 -log x) h) ) for sigmoidal dose-response (variable slope), using Prism7, where x is the concentration variable, y (the transport rate) ranges from T (top) to B (bottom) and h is the Hill coefficient. In all cases, h was close to 21, consistent with competition for a single binding (Cheng and Prusoff, 1973) . It should be noted that the K i value is an affinity constant implying binding to the transporter but does not indicate whether the ligand is being transported across the membrane.
Western blot analysis
Escherichia coli JW2482 cells were washed twice in Tris-HCl (0.05 M), pH 8.0, containing NaCl (0.1 M) and Na 2 EDTA (1 mM), supplemented with 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF) (0.2 mM), and used to prepare membrane fractions by osmotic shock, treatment with EDTA/lysozyme and sonication, as described (Karatza and Frillingos, 2005) . Membrane fractions prepared from 10 mL cultures of E. coli JW2482 were harvested by ultracentrifugation in an Optima MAX-XP Ultracentrifuge (Beckman Coulter), normalized to a protein concentration of 100 lg per 50 ll in sample loading buffer, and subjected to SDS-PAGE (12%). After electrophoresis, proteins were electroblotted to a polyvinylidene difluoride membrane (Parablot PVDF; Macherey-Nagel GmbH) and the BAD-tagged proteins were probed with HRP-conjugated streptavidin which was used at a dilution of 1:50,000. Signals were developed with enhanced chemiluminescence (ECL).
Phylogenetic analysis
Comparative analysis of NAT/NSC2 sequences was based on BLAST-p search and sequence alignments using MUS-CLE for multiple alignments and EMBOSS-Needle for pairwise alignments. The most recent genome annotations were used for retrieving sequence data. Phylogenetic trees were constructed with MEGA7 (Kumar et al., 2016) .
Based on an initial BLAST-p search for NAT/NCS2 homologs in the database of non-redundant protein sequences (nr) at NCBI, removal of sequences with identity higher than 80% to an already included one, and subsequent phylogenetic analysis, we showed that homologs of UraA constitute a monophyletic group with sequences primarily from Proteobacteria, Actinobacteria and Firmicutes, which was termed UraA cluster. Apart from Bacteria, the UraA cluster includes few homologs from Archaea (Euryarchaeota) and Eukarya (Neocallismatigomycota, Mucoromycota, Chytridiomycota, Mycetozoa).
The homologs from Proteobacteria were subjected to systematic phylogenetic analysis, as follows. We selected all genomes in the phylum Proteobacteria from the IMG/M database at JGI (Jan 2017) and retained for analysis the ones with a genome status Finished (2795 in total). The genomes were classified according to class (alpha-, beta-, gamma-, delta-, epsilon-proteobacteria). Using E. coli RutG as a query, we performed a BLAST search in each one of the five classes of genomes and retrieved all homologous protein sequences (cutoff E-value 1e-5). These sequences were subjected to an initial Neighbor Joining phylogenetic analysis with MEGA7 in order to identify the homologs pertaining to the UraA cluster. This analysis was performed independently for each one of the five classes of proteobacteria, using the E. coli NAT permeases as a guide to discern the different homology groups (Frillingos, 2012) . We selected and pooled all the homologs of the UraA cluster from the five analyses, yielding 1,598 protein sequences. Then, we reduced the size of the data by taking only homologs from one strain per species (selecting a strain containing the maximum number of UraA homologs for each species), which reduced the number of sequences to 408 and, at a second step, homologs from only one species per genus (selecting a strain containing the maximum number of UraA homologs for each genus), which reduced the number of sequences to 133. Both sets of sequences were subjected to Maximum Likelihood (ML) phylogenetic analysis. The results for the set of 133 sequences are shown in Fig. 1 .
Homology modeling
Multiple threading alignments were created with LOMETS metaserver (Wu and Zhang, 2007) using the full-length sequence of RutG from E. coli (Uniprot accession code P75892). Eight of them were used to construct a consensus alignment with the sequence of UraA from E. coli (Uniprot accession code P0AGM7) with the T-coffee software (Notredame et al., 2000) . This alignment was passed to Prime Software (Schrodinger Inc.) for homology modeling using the 'Energy-based building method', which constructs and refines residues based on their energy rather than on their configuration in the template structure. The RutG dimer was constructed based on the dimeric structure of UraA (PDB ID: 5XLS), using the 'Protein Structure Alignment' module as implemented in Maestro v10.7. The resulting dimer was prepared for MD simulations using the Protein Preparation Workflow of Maestro v10.7. (Shivakumar et al., 2010) . The system was prepared by embedding the protein in a POPC lipid bilayer, solvating the membrane by TIP3P explicit water, neutralizing with counter ions and adding 150 mM salt. Initially a stepwise equilibration protocol was utilized as developed by Desmond for membrane proteins. A 50 ns simulation was performed in the NPT ensemble with Langevin thermostat and barostat and semi isotropic pressure restraints for the substrate studied (uracil). 
Molecular dynamics simulations
Induced-fit docking
Protein preparation using OPLS2005 force field (Banks et al., 2005) and molecular docking was performed with the Schr€ odinger Suite 2016, as described in Karena et al. 
